1. Marker enzymes for the principal subcellular organelles of rat liver were asayed in the liver of rats 1 day and 8 days after bile-duct ligation or after laparotomy as a control procedure.
Introduction
For many years assay of circulating plasma enzyme activities has been used extensively in the diagnosis of liver disease even though relatively little has been known about the factors which control their activities in the circulation. In patients with cholestasis, it is usual to find high serum activities of the so-called 'biliary tract' enzymes such as alkaline phosphatase (BC 3.1.3.1), 5'-nucleotidase (BC 3.1.3.5), Ieucyl-jinaphthylamidase (BC 3.4.11.2; leucine aminopeptidase) and y-glutamyltransferase (BC 2.3.2.2). These enzymes are bound to cell membranes to a large extent and, until recently, many workers have assumed that such structures bear the brunt of the damage caused in the liver by bile-duct obstruction (Zimmerman, 1968) . That this is not necessarily so is shown by more recent studies in which the effectsof bile-duct ligation on other cell organelles have been assessed by morphological studies and by measuring the changes in enzymes from these structures (Schaffner, Bacchin, Hutterer, Scharnbeck, Sarkozi, Denk & Popper, 1971; Moritz & Snodgrass, 1972) .
We report the changes of sixteen liver enzymes after bile-duct ligation. These include one enzyme from the plasma membrane, one from the cytosol, three microsomal enzymes, two peroxisomal enzymes, four mitochondrial enzymes and six from lysosomes (de Duve, Wattiaux & Baudhuin, 1962) . Alterations in the activities ofeight of these enzymes in serum have also been assessed.
Materials and methods

Animal procedures
Groups of six rats with ligated bile ducts were studied 24 hand 8 days after operation and the results compared with results obtained from a group of twelve rats submitted to laparotomy alone. An inbred strain of male Wistar rats, weight 150-250 g, were fed on a 41B pellet diet (Dixons Ltd, Chard, Somerset) and starved overnight before operation. The animals were lightly anaesthetized with ether and the common bile duct was isolated and ligated close to the junction of the hepatic ducts. A second ligature was tied immediately distal to the first and the bile duct was divided between the ligatures. Two rats were discarded from these experiments because bile leaked from the ligated duct.
Animals were anaesthetized individually with ether and exsanguinated by withdrawing blood from the aorta. Serum was separated and stored at -20°C until analysis. The liver of each rat was perfused via the portal vein with 10 ml of ice-cold solution containing sucrose (250 mmol/l), disodium EDTA (1 mmol/l) and ethanol (22 mmol/l) immediately after the animal had been exsanguinated. The perfusate had a pH of 7·4. The liver was then excised, rinsed in perfusate and blotted dry. Aliquots (1 g) were cut into small pieces with scissors and homogenized in 10 ml of perfusate in a Dounce homogenizer with a tight-fitting pestle (Kontes Glass Co., Vineland, N.J., U.S.A.).
Analytical methods
Acid phosphatase (EC 3.1.3.2), alkaline phosphatase, N-acetyl-p-glucosaminidase (BC 3.2.1.30), p-glucuronidase (EC 3.2.1.31), p-galactosidase (EC 3.2.1.23),N-acetyl-p-galactosaminidase(EC3.2.1.53), c-mannosidase (EC 3.2.1.24) and a-glucosidase (EC 3.2.1.20) were assayed fluorimetrically with substrates derived from 4-methylumbelliferone as described by Peters, Muller & de Duve (1972) . The incubation media were as follows: acid phosphatase, 0·1 mol/l sodium acetate, pH 5·0; alkaline phosphatase, 0·1 mol/l sodium borate, pH 8'8; Nacetyl-s-glucosaminldase, 0·1 mol/l sodium acetate, pH 5'5; p-glucuronidase, 0·1 mol/l sodium acetate, pH 4·5; P-galactosidase, 8 mmol/l NaCI in 0·1 mol/I sodium acetate, pH 4'0; N-acetyl-p-galactosaminidase, 0·5 mmol/l ZnS04 in 0'1 mol/l sodium acetate, pH 5'0; a-glucosidase, 0·1 mol/l sodium borate, pH 8·5.
Lactate dehydrogenase (EC 1.1.1.27), malate dehydrogenase (EC 1.1.1.37) and glutamate dehydrogenase (EC 1.4.1.2) were assayed by the fluorimetric techniques of Lowry, Roberts & Kapphahn (1957) .
Glucose 6-phosphatase (EC 3.1.3.9) was assayed as described by Hubscher & West (1965) with [l4C]glucose 6-phosphate (Meerov & Ryzhkova, 1969) .
Monoamine oxidase (EC 1.4.3.4) was assayed with [l4C]tryptamine as described by Wurtman & Axelrod (1963) . Cytochrome oxidase (EC 1.9.3.1) was assayed by the method of Cooperstein & Lazarow (1951) .
Catalase (EC 1.11.1.6) was assayed by a micromodification of the technique of Baudhuin, Beaufay, Rahman-Li, Sellinger, Wattiaux, Jacques & de Duve (1964) . D-Amino acid oxidase (EC 1.4.3.3) was assayed by the method of Guilbault, Brignac & Zimmer (1968) with D-proline.
Benz[a]pyrene hydroxylase (EC 1.14.14.2) was assayed by the radiometric technique of Hayakawa & Udenfriend (1973) .
All enzyme assays were shown to have linear kinetics with respect to both time and enzyme concentration. Enzyme activities were expressed as milliunits/mg of protein. The unit was defined in terms of substrate transformed (pmol/min).
Nucleic acids were assayed by the fluorimetric technique of Le Pecq & Paoletti (1966) with calf thymus deoxyribonucleic acid and yeast ribonucleic acid as standards.
Protein was assayed by the method of Lowry, Rosebrough, Farr & Randall (1951) with bovine serum albumin used as a standard. 
Results
Rats with ligated bile ducts became jaundiced; they ate less and lost more weight than the shamoperated control rats. Their livers were congested but after the dilated extrahepatic bile ducts had been dissected away, there was no significant difference between the weights or protein contents of livers from experimental and control animals ( Table 1) .
The activities of liver microsomal and plasma membrane enzymes (Table 2) , and lysosomal enzymes (Table 3) , and those of mitochondria, peroxisomes and cytosol (Table 4) are shown before operation and at 1 and 8 days. Activities of serum enzymes arising from liver are shown in Table 5 . (Schaffner et al., 1971) and it seems probable that the changes in shape, size, density, fragility and permeability of the intracellular structures will be associated with marked changes in their behaviour in the ultracentrifuge. Nevertheless we shall discuss our results for enzyme activities in the whole tissue homogenates under the subheadings of the individual organelles to facilitate comparison with previously published work.
Plasma membrane
Alkaline phosphatase is localized predominantly to the plasma membrane of liver cells (Emmelot, Bos, Benedetti & Rtlmke, 1964) . Although previous workers have used substrates other than the 4-methylumbelliferyl phosphate, the present studies (Tables 2 and 5) confirm that increased activities of this enzyme are found in both serum and liver tissue after ligation (Polin, Spellberg, Teitelman & Okumura, 1962; Kryszewski, Neale, Whitfield & Moss, 1973) . These biochemical changes probably reflect the dilation of the bile canaliculi and proliferation of the ductules as observed in morphological studies (Schaffner et al., 1971) .
Microsomes
Although the smooth and rough elements of the endoplasmic reticulum comprise the larger part of the microsomal fraction obtained by centrifugation, elements derived from plasma membrane, Golgi apparatus and outer membranes of the mitochondria are also found in this fraction (Beaufay, Amar-Costesec, Thines-Sempoux, Wibo, Robbi & Berthet, 1974) . The three microsomal enzymes (Table 2 ) appear to respond differently. This is probably related to differences in their location in the cell. Thus benz[a]pyrene hydroxylase, like other drug-metabolizing enzymes, is localized to the smooth membranes of the microsomal fraction (Conney, Miller & Miller, 1957) . The activity of this enzyme decreased with bile-duct ligation even though the electron microscope shows a marked proliferation of the smooth membranes (Schaffner et al., 1971) . A similar decrease of microsomal esterase activity has been described previously (Moritz & Snodgrass, 1972) and since this enzyme is also probably derived from the smooth endoplasmic reticulum these observations add weight to the concept of smooth membrane proliferation and low enzyme activity. Morphologically the rough endoplasmic reticulum dilates and loses its ribosomes after bile-duct obstruction, yet the concentrations of glucose 6-phosphatase, predominantly found in the rough endoplasmic reticulum, and of RNA tend to increase (Table 2 ). More detailed studies of microsomal subfractions from both normal and bile-duet-ligated animals will be necessary to resolve this paradox.
Mitochondria
Mitochondria undergo morphological changes in response to bile-duct ligation (Schaffner et al., 1971) . Initially there is evidence of increased division and swelling but subsequently irregular configurations are the chief abnormality. We have found no apparent change in the tissue activity of three mitochondrial enzymes in the initial stages of the experimental lesion (Table 4) , but by 8 days there is a 50% reduction in activity of cytochrome oxidase and monoamine oxidase. There is a very striking but transient rise in circulating monoamine oxidase 24 h after bile-duct ligation (Table 5 ). This may reflect the effects of mitochondrial division. A similar transient rise in serum ornithine carbamyltransferase, another mitochondrial enzyme, was found by Moritz & Snodgrass (1972) . The late decrease in activity of the mitochondrial enzymes, particularly the key enzyme cytochrome oxidase, is in agreement with the marked loss of functional integrity noted in mitochondria isolated from patients with obstructive jaundice (Schersten, Bjorkerud, Jakoi & Bjorntorp, 1966) .
Lysosomes
The activities of five of six lysosomal enzymes in liver tissue were unchanged' as a result of bile-duct ligation (Table 3) , despite previous morphological studies which suggested that the number of Iysosomes is increased (Novikoff & Essner, 1960) . There was, however, an increase in two of three circulating lysosomal enzyme activities 8 days after bile-duct ligation (Table 5) , similar to the change reported previously for arylsulphatase (Moritz & Snodgrass, 1972) .These findings are consistent with the concept of increased permeability of hepatic Iysosomes in cholestasis as shown previously (Bjorkerud, Bjorntorp & Schersten, 1967) . It has been suggested that retained bile salts may directly damage lysosomal membranes (Beaufay, van Campenhout & de Duve, 1959) and that the resulting leakage of acid hydrolases may be in part responsible for liver cell damage (de Duve & Wattiaux, 1966) .
Cytosol
Lactate dehydrogenase, the cytosol marker enzyme, showed a similar biphasic response in serum (Table 5) to that of the lysosomal enzymes, with a decrease at 24 h but a statistically significant increase after 8 days. This was the opposite of the changes in liver (Table 4) .
Peroxisomes
Increased numbers of microbodies, which are considered to be the morphological counterparts of peroxisomes in liver (de Duve & Baudhuin, 1966) , were noted in rat liver 4 days after bile-duct ligation (Schaffner et al., 1971) . The present biochemical studies showed a small but statistically insignificant increase in catalase and n-amino acid oxidase activity 24 h after ligation (Table 4) , but by 8 days the catalase activity had decreased to approximately half that of control animals. Thus the increased numbers of microbodies observed morphologically are not paralleled by an increased enzyme activity. This may be due to inhibition of these sensitive enzymes by retained biliary excretion products.
These studies indicate that all the subcellular organelles of liver tissue are affected by bile-duct obstruction. The changes were complex with a marked increase in activities of enzymes associated with the plasma membrane and rough endoplasmic reticulum. In contrast, although morphological studies have shown a proliferation of the smooth endoplasmic reticulum the marker enzyme for this structure, benz[a]pyrene hydroxylase, was found to decrease. Mitochondrial enzymes, particularly monoamine oxidase, leaked into the plasma soon after bile-duct ligation and thus may have contributed to reduced hepatic mitochondrial enzyme activity. In contrast, lysosomal enzymes leaked into the serum at a later stage, perhaps as a result of damage to these organelles by retained excretory products. In these experiments we have shown that ultrasensitive methods of enzyme analysis provide a useful tool for exploring subcellular changes in experimentally produced liver disease in animals. Similar techniques are being applied to liver tissue from patients with various forms of hepatic disease.
